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T h i s  report c o n t a i n s  the results o f  an i n v e s t i g n t l . ) n  performed using a 
h y b r i d  aniilog d i g i t a l  system to e v a l u a t e  the merits of a load r e l i e f  
a u t o p i l o t  on t h e  . ~ t l ~ ~ s / C e n t a u r  \c-S v e h i c l e .  i)ur in,-  t.!is study neu 
techniques f o r  analysis of  v e l t i c l t  i n f  liKht Dencling aoments arid l a u n c h  
a v a i l a b i i i t i . $ s  W ~ J S ~  usod .xnd at e herein documented. T h i s  study *as 
conducted under contract N.153-3232. 
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SUPWARY 

Based on t h e  magnitude of i n f l i g h t  bending moments, t h e  number of days 
S u i t a b l e  f o r  launch ( l aunch  a v a i l a b i l i t y )  of 4t las /Centaur  AC-3 is much 
lower than is d e s i r e d .  An a p p r e c i a b l e  p o r t i o n  of t h e s e  bending moments 
i t 3  caused by t h e  wind p r o f i l e  through which t h e  v e h i c l e  f l i e s .  An i n -  
crease of t h e  launch a v a i l a b i l i t y  can be r e a l i z e d  by two baeic methods, 
i n c r e a s i n g  s t r u c t u r a l  i n t e g r i t y  and/or u se  of a load  r e d u c t i o n  a u t o p i l o t .  

The load r e d u c t i o n  a u t o p i l o t  i s  a s t anda rd  a u t o p i l o t  w i t h  t h e  a d d i t i o n  
of a d i f f e r e n t i a l  p r e s s u r e  (angle  of a t t a c k )  s enso r  on t h e  v e h i c l e ' s  
noee which sends a s i g n a l  t o  the a u t o p i l o t .  Th i s  s i g n a l  r e s u l t s  i n  a 
r e d u c t i o n  of t h e  v e h i c l e  a n g l e  of a t t a c k  and hence a r e d u c t i o n  i n  l o a d s ,  
b u t  i n t r o d u c e e  t r a j e c t o r y  d i s p e r s i o n s .  The primary purpose of t h i s  in- 
v e s t i g a t i o n  is t o  s t u d y  the e f f e c t  of t he  load  r e l i e f  a u t o p i l o t  on t h e  
v e h i c l e '  8 launch a v a i l a b i l i t y .  

A hybr id  n n a l o g / d i g i t u l  system has been developed t o  determine i n f l i g h t  
bending moments and launch a v a i l a b i l i t i e s .  T h i s  system a l s o  p rov ides  
in fo rma t ion  for s t a b i l i t y ,  c o n t r o l  , and t r a j e c t o r y  ana lyses .  The b a s i c  
advantages  sf t h e  h y b r i d  system method o v e r  a p r e v i o u s l y  used a l l  r i igi-  
t a l  method Ptre i n c r e a s e d  I l e x i b i l i  t y  for eng inee r ing  a n a l y e i s  , g r e a t e r  
speed in performing t h e  study, and s i g n i f i c a n t l y  lower c o s t .  

The prime purpose of i s s u i n g  t h i s  r e p o r t  is t o  document the method of 
a n a l y s i s  used and i l l u s t r a t e  t h e  form of t h e  r e s u l t s  which can be obtained.  
T h i s  r e p o r t  p r e d i c t s  much lower launch p r o b a b i l i t y  than  Reference 1, p r i -  
marily due .to use of a le8s optimum p i t c h  program for w i n t e r  winde. 
Although Rei'. f should be considered t h e  more accurate estimate of AC-5 
l aunch  a v a i l a b i l i t y ,  t h e  r e s u l t s  of  t h i s  r e p o r t  show d r a m a t i c a l l y  t h a t  
a v e h i c l e  w i t h  low launch a v a i l a b i l i t y  is very s e n s i t i v e  t o  r e l a t i v e l y  
minor t r a j e c t o r y  changes (45% per Ref. 1 VB. 8.77% p e r  t h i s  r e p o r t  for 
s t a n d a r d  a u t o p i l o t ) .  These results i n d i c a t e  a launch a v a i l a b i l i t y  of 63% 

on a sample s i ze  of approximately 200 Avidyne w i n t e r  winds. Also J i s -  
C u s s e d  are: t h e  e f f e c t  of s t r u c t u r a l  i n t e g r i t y  on the launch a v a i l a b i l i t y ,  
c r i t i c a l  f l i g h t  t i m e s  and v e h i c l e  s t a t i o n s ,  and t r a j e c t o r y  dimpersione. 

0 

~ i i h  the i o a ~  relief autopi:i it  ~ i ~ i :  e.??% f o r  t h e  ~ t ~ ~ d n r c !  g u t ~ p i l ~ t  b~.%tt5 

i i  
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SECTION 1 

The a n a l y s i s  nd d 
INTRODUCTION 

s i g n  of a load  r e l i e f  a u t o p i l o t  f o r  t h e  Atlaa/Centaur  
(AC-5) v e h i c l e  is a complex engineer ing  task, 
t a s k ,  t h e  a n a l y s t  r u s t  u t i l i z e  t h e  t echn iques  of maw t e c h n i c a l  d i 6 c i p l i n e s  
i n c l u d i n g  s t a b i l i t y  and control, s t r u c t u r a l  loads, t r a j e c t o r y  (perforspance) 
a n a l y a i o  and a e r o h e a t i n g  a n a l y s i s ,  
be adhered t o ,  r e s u l t i n g  in des i -  compromises f o r  t he  optimum o v e r - a l l  
d e s i g n o  
performance, but a l a e  s t r u c t u r a l  loading  and aerohea t ing .  

To prope r ly  perform this 

Design ground r u l e 6  in each area must 

For example, a change in booster p i t c h  program e f f e c t s  no t  on ly  

S t a b i l i t y  requi rements  r e s t r i c t  a u t o p i l o t  g a i n  s e t t i n g s  and f i l t e r  va lues ,  
These r e s t r i c t i o n s  are determined through an a n a l y s i s  of r i g i d  body c o n t r o l ,  
l i q u i d  p r o p e l l a n t  s l o s h i n g ,  and e l a s t i c  m i s s i l e  bending modeso A complete 
s t a b i l i t y  a n a l y s i s  of t he  AC-5 c o n f i g u r a t i o n  i n  which a l l  o f  t h e  modes 
are cons idered  e imul taneous ly ,  i s  not  p r a c t i c a l ,  Such an a n a l y s i s  would 
m a k e  t h e  oyn thes i e  of an a u t o p i l o t  c o n t r o l  system very  d i f f i c u l t  bccauee 
t h e  p e r t i n e n t  p h y s i c a l  phenomena would be o b ~ c u r e d ,  However, t h e  v a r i o u s  
deg rees  of freedom are t o  a large e x t e n t ,  dynamical ly  uncoupled, T’hus, 
t h e  s t a b i l i t y  of t h e  r i g i d  body c o n t r o l  and p r o p e l l a n t  s l o e h i n g  modes can 

-: be analyzed independent ly  of t h e  h igher  f requency e l a s t i c  bending modes, 
lhis procedure g r e a t l y  reduce6 the complexity of t h e  t a s k ,  

T r a j e c t o q  aaalyiris becomes more complex w i t h  a load relief a u t o p i l o t  in 
that  t h e  relief ef loads (ioe. r e d u c t i o n  of  t h e  launch v e h i c l e  angle of 
attack) oreates t r a j e c t o r y  diepersions of a greater magnitude than  those 
encountered w i t h  the eonren t ions f  a u t o p i l o t  The guidance aystom d e s i g n  
must a l len for these larger d i s p e r s i o n s  and be a b l e  t o  c o r r e c t  f o r  them. 
If t h e r e  were no r e s t r i c t i o n s  on t h e  maneuver6 which t h e  launch v e h i c l e  

s imple  and the only major o b s t a u l o  would be t h a t  of p r e c i s i o n  i n  guidance, 
However, t h e  s t r u c t u r a l  l i m i t a t i o n s ,  due t o  load ing  and h e a t i n g ,  a d  
f l i g h t  performance requi rements ,  rill combine t o  r e a t r i c t  t h e  t r a j e c t o r y  
euch t h a t  only l i r i t e d  c o r r e c t i o n  maneuvers may be employed, 

might d e  duriag the powered f l i g h t ,  t h e  guidance would be  r e l a t i v e l y  P J  

The v e h i c l e  s t r u c t u r e  de te rmines  t h e  l i m i t  a l l owab le  loads  and hence t h e  
l l m i t  a l l owab le  bending moments. 
d u r i n g  flight a m  imposed by axial a c c e l e r a t i o n ,  a e r o d m a a i c  load ing ,  
p r o p e l l a n t  s l o s h i n g ,  and r i g i d  body control r e sponseo  
i n d i c a t i o n  of a c t u a l  f l i g h t  cond i t ions ,  t h e  v e h i c l e  must be s u b j e c t e d  t o  
the effects  of windfa a l o f t .  
of a c t u a l  wind soundings a t  H o n t g o ~ e r y ,  Alabama, w a s  used t o  determine  
bending moments both w i t h  and without  a load r e l i e f  a u t o p i l o t  (LHAP) 
feedback  loop ,  A a t a t i s t i c a l  comparison war t hen  made t o  show t h e  e f f e c t  
of  t h e  LRAP on t h e  launch a v a i l a b i l i t y  based upon s t r u c t u r a l  l i m i t a t i o n s ,  
I 

Tho a e r o h e a t i n g  a n a l y s i s  is dependent upon the v e h i c l e  t r a j e c t o q ,  The 
Atlas/Centaur  t r a j e c t o r y  s t u d i e d  i n  t h i s  r e p o r t  i o  a h e a t  l i m i t e d  pro- 
f o m a n c c  t r a j e c t o r y  which means t h a t  a depressed  t r a j e c t o r y  w i l l  exceed 
t h e  n e r o h e a t i n g  a l lowab le8  f o r  c r i t i c a l  areas of the  v e h i c l e ,  A l o f t e d  

The bending moments on the v e h i c l e  

To g e t  a true 

An Avidyne wind s tudy  c o n s i s t i n g  of 200 day# 

1 
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* 

t r a j e c t o r y  w i l l  be a c o o l e r  t r a j e c t o r y  b u t  bo th  w i l l  r e s u l t  i n  a l o s s  of 
performance, Aeroheating i n p u t  changes when v e h i c l e  t r a j e c t o r y  is a l t e r e d  
by the wind response of t h e  load r e l i e f  a u t o p i l o t  and a l s o  when t h e s e  
t r a j e c t o r y  d i s p e r s i o n s  are correc ted  by guidance cornandso Aeroheat ing 
t h e r e f o r e  must be analyzed in t h e  same manner as t h e  s t r u c t u r a l  loading ,  
i .e ,  u s ing  a s t a t i s t i c a l  wind a n a l y s i s ,  

To undertake a load r e l i e f  a u t o p i l o t  s t u d y  of t h i s  complexity r e q u i r e d  the  
development of a l a r g e  ana log /d ig i tn l  (hybr id )  system capable  of s o l v i n g  
the  many degree  of freedom equat ions  necessary  f o r  f u l l  v e h i c l e  d e s c r i p t i o n c  
The system allowed d i g i t a l  i npu t  of wind d a t a  t o  an analog s imula t ion  of 
t he  A t l a s / C e n t a u r  A C - J  launch veh ic l e  s t a b i l i t y  and t r a j e c t o r y o  Outputs  
of . th is  s imula t ion ,  both cont inuous and d i g i t a l l y  recorded ,  are used in 
a n a l y s e s  of s t a b i l i t y ,  t r a j e c t o r y ,  s t r u c t u r a l  l oads ,  and aerohea t ing ,  
This system t h e r e f o r e  a l lows  t h e  ana lys t  an o v e r - a l l  p e r s p e c t i v e  of t h e  
e f f e c t s  of load r e l i e f  parameter v a r j a t i o n s .  

No a t tempt  has been made toopt imize t h e  load relief a u t o p i l o t  or the 
t r a j e c t o r y  shaping. The primary purpose of t h i s  r e p o r t  is  t o  i n d i c a t e  
the  e f f e c t  of load  r e l i e f  on launch p r o b a b i l i t y  us ing  a wind sample t o  
d e s c r i b e  some of the op t imiza t ion  techniques  and c o n s t r a i n t s ,  and t o  o u t l i n e  
t h e  a v a i l a b l e  a n a l y t i c a l ,  d i g i t a l  and ana log  methods for such analyses, 
Ref. 1, which is  compared wi th  t h i s  r e p o r t  i n  Sec t ion  4.4 ,  should c u r r e n t l y  
be used as t he  more accurate estimate of launch a v a i l a b i l i t y ,  

2 
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e SEC'PION 2 

LOAD UELIEF AUTOPILOT PHILOSOPHY AND STABILITY 

The primary purpose for t h e  a d d i t i o n  of a load r e l i e f  feedback loop t o  t h e  
convent iona l  AC-5 a u t o p i l o t  Is, as t h e  name i m p l i e s ,  t o  r e l i e v e  l o a d s  
caused by excess ive  a n g l e s  of  a t t a c k ,  By r e l i e v i n g  l o a d s ,  this a u t o p i l o t  
can i n c r e n s e  t h e  v e h i c l e  launch a v a i l a b i l i t y  which is based upon t h e  
p r o b a b i l i t y  t h a t  t h e  a l lowable  bending moment w i l l  no t  be exceeded d u r i n g  
t h e  s e v e r e  winds of  t h e  win te r  monthso However, t h e  load r e l i e f  loop 
a l t e r s  v e h i c l e  s t a b i l j  t y  when added t o  the  convent iona l  a u t o p i l o t ,  Root 
locus  techniques  i n  combination wi th  an ana log  s imula t ion  are  necessary  t o  
ana lyze  t h e  6 t u b l l l t y  of both  convent ional  and load r e l i e f  a u t o p i l o t s  f o r  , t he  r i g i d  body c o n t r o l  mode, p r o p e l l a n t  s1oc;hing modes, and e l a s t i c  m i s s i l e  
modes , 

2 0 1 LOAD FE&I h:F AUTOPILOT DESCRII'TION 

The l oad  r e l i e f  a u t o p i l o t  is b a s i c a l l y  a convent iona l  a u t o p i l o t  wi th  an 
a d d i t i o n a l  feedback s i g n a l  t o  the e r r o r  i n p u t  channel ,  and an  a d d i t i o n a l  
feedback t o  t h e  p o s i t i o n  gyro to rquer ,  A s i m p l i f i e d  block d i a g r a  of t he  
a u t o p i l o t  is shown on Figure 1, The d o t t e d  l i n e s  i n d i c a t e  t h e  load r e l i e f  
loop. Thio a u t x p i l o t  is on ly  v a l i d  for f l i g h t  t i m e s  up t o  110 seconds a8 
t h e  guidance p l a t f o m  which r e p l a c e s  t h e  p o s i t i o n  gyro a t  t h i s  t i m e  is  n o t  
shown. Circuitry modeling of t h i s  a u t o p i l o t  was used in the analog 
simulat ion s i t h  the  g a i n  and f i l t e r  c o n f i g u r a t i o n  shown in Figure  2, The 
load r e l i e f  s igna l  is  i n i t i a l l y  produced by a d i f f e r e n t i a l  pressure ( a n g l e  
of a t t e k k )  s e n s o r  loca t ed  i n  t h e  nose of the  AC-5 v e h i c l e ,  The nose s u r f a c e  
c o n t a i n s  p r e s s u r e  p o r t s  which enable measurement of t he  d i f f e r e n t i a l  
pressure in k h e ' p i t c h  and r a w  planas by diaphramo, 
i 8  conver ted  i n t o  an e lec t r ic  signal with  a n  e l e c t r o n i c  dead sone provided 
t 0  e l i m i n a t e  senso r  ou tpu t  below 0,05 p s i ,  This is necessary  t o  prevent  
e l ec t r i ca l  n u l l  e r r o r s  from providing a b iased  output  51gna1, The ou tpu t  
s i g n a l  r e p r e s e n t s  the  t o t a l  iuigle of a t t a c k  t i m e s  dynamic p r e s s u r e  wi th  an 
approximate g a i n  v a r i a t i o n  (ahown i n  F igure  3)  due t o  Mach number, 

The diaphrar movement 

A e t i v a t i e n  of t h e  load r e l i e f  loop takus p lace  at 40 seconds of f l i g h t ,  
p reced ing  e n t r y  of  t he  v e h i c l e  i n t o  the  high dynamic p rossu re  r eg ion ,  De- 
a c t i v a t i o n  t a k e s  place  a t  110 seconds when the  dynamic prec;sure hae 
dropped t o  less than one-half i ts  maximum value  f o r  t h e  nominal t r a j e c t o r y ,  
The signal from the p r e s s u r e  senso r  e l e c t r o n i c  package is sent to t h e  
p o s i t i o n  gyro to rque r  with a gain o f  IaK. and d i r e c t l y  t o  the e r r o r  channel  
of t h e  a u t o p i l o t  w i th  a g a i n  KaO 
p r o v i d e s  an i n t e g r a l  s i g n a l  t o  the  error channel  p ropor t iona l  t o  the  K K., 
This  s i g n a l  causes  t h e  v e h i c l e  to t u r n  i n  a d i r e c t i o n  so as t o  reduce 
t h e  a n g l e  of a t t a c k  r e s u l t i n g  in an approximdte ze ro  l i f t  t r a j e c t o r y  
f o r  t h e  encountered wind p r o f i l e ,  As t h e  p i t c h  program is designed t o  fly 
t h e  nominal z e r o  l i f t  t r n j e c t o r y  f o r  no wind and no load r e l i e f  a 
t r a j e c t o r y  d i s p e r s i o n  w i l l  occur ,  An i n c r e a s e  of K K produces a more 
r a p i d  r e d u c t i o n  of angle  of a t t a c k  and an i n c r e d s e  fn t r a j e c t o r y  d i s p e r a l e n ,  

The s i a n a l  t o  the  p o s i t i o n  gyro t o r q u e r  

a i  
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A single K K. g a i n  s e t t i n g  t o  produce both minimum t r a j e c t o r y  d i s p e r s i o n s  
and m a x i m &  ioad r e d u c t i o n  i s  therefore imposs ib le  and a compromise is  
necessary ,  The s igna l  i n p u t  t o  the trror channel  through the  gain K 
has the e f f e c t  of i n c r e a s i n g  e t a b i l i t y  and improving v e h i c l e  g u s t  re8ponseo 

2,2 STABILITY ANALYSIS 

G complete s t a b i l i t y  analysis of t h e  AC-5 f l e x i b l e  bodied v e h i c l e  for 
both  s t anda rd  and load r e l i e f  ctutopilot  i s  contained i n  !teference 1, The 
r e fe renced  r e p o r t  a l s o  prefientw the rigid body and p r o p e l l a n t  s l o s h i n g  
s t a b i l i t y  r e s u l t s  obtdined d u r i n g  t h e  ana log  s tudy  m r l  will not  be  re- 
pea ted herea 
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SECTION 3 

ANAU>Q/DIGITAL SYSTEM AND SIMULATION DESCRIPTIOlq 

The e n t i r e  a n a l o d d i g i t a l  eytater has t he  c a p a b i l i t y  t o  provide a complete 
dynamic a n a l y s i s  of the  Atlas/Centaur booeter  and s u e t a i n e r  phase6 in-  
c lud ing  t h e  areas of t r a j e c t o r y  and guidance, e t a b i l i t y ,  e t r u c t u r r l  l o a d s ,  
launch a v a i l a b i l i t y  and aerohea t ing ,  The b a s i c  advantages  i n  u s ing  a 
coabinad r n a l o d d i g i t a l  8y8ttm for t h e  de8ign of the AC=5 load r e l i e f  auto-  
p i l o t  are 1) inc reased  f l e x i b i l i t y  f o r  engineer ing  a n a l y s i s ,  2)  g r e a t e r  
speed i n  performing t h e  s t u d y ,  and 3) s i g n i f i c a n t l y  lower c o s t  when COR- 
pared t o  a l l  d i g i t a l  s t u d i e s ,  
i n  combination w i t h  t h e  input /output  d a t a  handl ing and r e d u c t i o n  (us ing  
d i g i t a l  methodo) provides a very e f f i c i e n t  des ign  a n a l y s i a  too l ,  
f o l l o r i n j ~  s e s t i o n e  provide a f u n c t i o n a l  d e s c r i p t i o n  of t he  a n a l o g / d i g i t a l  
system, i t a  programmed ana log  s imula t ion ,  and moni tor ing  techniques,  The 
addi ' t ional d e t a i l s  necessary  f o r  opera t ion  of t h e  eyatem are l oca t ed  in 
Reference 2, 

Speed of e o l u t i o n  of t h e  analog s imula t ion ,  

-e 

3 , 1 ANALOG SIMULATION 

Althoudk p rv l ida r ry  design werk may be accomplished w i t h  planar s tudies ,  
realistic veh ic le  response r e q u i r e s  a t h r e e  d imens iona l  trajectory 
analysiao The analog simulation provide6 a cont inuous  s o l u t i o n  of t h e  
s t a b i l i t y  aad t r a j e c t o r y  oquationo i n  six r i g i d  body degrees o f  freedomo 
The conp le to  analog e i r u l a t i o n  can be broken into three major aofe of 
equations; t r a j e c t o r y ,  vehicle and a u t o p i l o t o  

The trajeetEm equatietlm, mfer*neod t o  a rotating spherical earth, de8erib. 
t h e  path o t  tho launch veh ic l e ,  
sound and atmospheric  d e n d t y  are represented ae a fUnCties of t h e  vehicle 
a l t i t u d e ,  an ou tpu t  parameter of t he  s imulc\ t ioa,  In a d d i t i o n  t o  altitude, 
t r a j e c t o r y  ca l cu la t ion .  inc lude  f l i g h t  path ang le ,  down range p o s i t i o n ,  
c r o s s  range p o s i t i o n  and o t h e r  paramstere necessary  for a complete t r a j e c -  
t o r y  d e s c r i p t i o n  of t h e  Atlae launch v e h i c l e  f l r g h t  t o  s u a t a i n e r  engine 
c u t o f f  0 

G r a v i t a t i o n a l  a c c e l e r a t i o n ,  v e l e c i t y  of 

The e q u a t i o n s  d e s c r i b i n g  the launch veh ic l e  motion are based on the  fact 
t h a t  the l i q u i d  p r o p e l l a n t s  comprise a major p o r t i o n  of t he  rek ic le*cr  
ma68 during powered f l i g h t ,  
forces and momenta of t h e  l i q u i d  p rope l l an t  e l e e h i a g  c o a s i a t i n e  of a 
pendulum series p l u s  a r igid -880 

w i t h  t h e  c o n t a i n e r  ( t h u r  s imula t ing  the  p o r t i o n  of f l u i d  t h a t  does n o t  
p a r t i c i p a t e  i n  the  81oBhing no t ion )  while  a o e r i e s  of pendulums (one for 
each  f l u i d  mode) of s p e c i f i c  length and maes are p ivoted  80 t h a t  t he  
o l o s h i n g  f o r c e s  and momenta are dup l i ca t ed ,  
mode for each of the f o u r  tanks i m  included i n  both  the  p i t c h  and yaw 
p l a n e e ,  a81 the  h ighe r  p r o p e l l a n t  s leohing  mode. produce n e g l i g i b l e  cen- 
t r i b u t i o n 6 ,  
tanka and t h e  ehea r  membrane 

A nechanica l  analogy i 8  used t o  d u p l i c a t e  the 

The rigid ma8s i e  cons t r a ined  t o  motre 

Only t h e  f i r s t  p r o p e l l a n t  

The anti-8108b b a f f l e e  i n  t he  A t l a s  and Centaur  l i q u i d  oygea  
i n  the  Atlae fuel t a e  in t roduce  danpingt t a  



0 

t h e  f l u i d  modes and t h e r e f o r e  have been included,  Th i s  b a f f l e  damping i e  
a f u n c t i o n  of bo th  p r o p e l l a n t  h e i g h t  above a b a f f l e  and s l o s h  amplitude,  
I n  a d d i t i o n  t o  p r o p e l l a n t  s l o s h i n g  f o r c e s  a c t i n g  on t h c  r i g i d  body v e h i c l e ,  
aerodynamic f o r c e s  are p r e s e n t  and c r e a t e  an  i n h e r e n t l y  u n s t a b l e  v e h i c l e ,  
The necessa ry  i n p u t  da ta  f o r  t h e  above is l o c a t e d  i n  Reference 3 and i e  
t h e  June 1963 d e s i g n  c o n f i g u r a t i o n  using 154,000 l b  t h r u s t  b o o s t e r  engines ,  

Con t ro l  o f  t h e  v e h i c l e  is provided by p i t c h ,  yaw and r o l l  a u t o p i l o t  
c i r c u i t r y  which d u p l i c a t e  a u t o p i l o t  ga in  and f i l t e r  s p e c i f i c u t i o n s  through- 
o u t  A t l a s  launch v e h i c l e  f l i g h t ,  P r i o r  t o  110 seconds,  s i g n a l 8  produced 
by v e h i c l e  motion (e ,g ,  from r a t e  gyros, p o s i t i o n  gyros, t h e  d i f f e r e n t i a l  
p r e s s u r e  s e n s o r O  and t h e  p i t c h  programmer) combine t o  provide t h e  auto- 
p i l o t  e r r o r  s i g n a l ,  Following 110 second6 a s i m p l i f i e d  guidance p l a t fo rm 
and computer s i m u l a t i o n  r e p l a c e s  the  simulated poei t i o n  gyro, The 
d i f f e r e n t i a l  p r e s s u r e  senso r  i s  also switched ou t  a t  t h i s  t i m e ,  The 
s i m p l i f i e d *  guidance s i m u l a t i o n  can a l s o  m a k e  t r a j e c t o r y  m o d i f i c a t i o n s  - 
d u r i n g  e u a a ' i n e r  phase, The a u t o p i l o t  o u t p u t s  are f ed  i n t o  s imulated 
n o n l i n e a r  e l e c t r o - h y d r a u l i c  a c t u a t o r s  which conve r t  t h e  s i g n a l  i n t o  engine 
d e f l e c t i o n s .  The n o n l i n e a r i t i e s  r e f l e c t  t h e  e f f e c t s  of o i l  compresei- 
b i l i t y ,  orifice flows, and viscouo and coulomb f r i c t i o n  and are c l o s e l y  0 approximated i n  t h e  s imula t ion ,  The a u t o p i l o t s ,  both convent ional  and * 
load  re l ie '€  are d e s c r i b e d  i n  S e c t i o n  2.  

The a n a l o g  o u t p u t  is con t inuoue ly  recorded on two twelve channol w e t  
pen r e c o r d e r e  and i n c l u d e s  gyro ou tpu te ,  engine d e f l e c t i o n s ,  ang le  of 
a t t a c k ,  &de d i p  angle, and magnitude of p r o p e l l a n t  s l o s h i n g  for a l l  four 
p r o p e l l a n t  t&s0 These r eco rd ings  provide an exce l len t  methed of coa- 
p a r i s o n  between t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  AC-5 autopilot w i t h  on8 
wi thou t  load  r e l i e f ,  

A d e t a i l e d  development of t h e  s i m u l a t i o n q e  e q u a t i o n s  of motion may be 
found ia X s f e ~ e ~ c e  4, 

I 

302 ANAU)G/DIGITAL INTERFACE EQUIPMENT 

The purpsec of t h i s  equipment is to  provide analog s imula t ion  i n p u t  of t h e  
digitriiecd wind Zata etnred on magnetic t ape  and t o  process analog d a t a  
i n t o  the CDC l 6 O A  d i g i t a l  computero 

c _  

A l t i t u d e  from t h e  ana log  s imula t ion  ie Bent v i a  a c o n t r o l  board t o  the 
CDC 160A d i g i t a l  computer where i t  is  used t o  p o s i t i o n  t h e  d i g i t a l  

s e n t  through a Packard B e l l  Computer Linkage Systemo converted i n t o  an 
ana log  s i g n a l  and fed  i n t o  the  analog s imula t ion ,  A t y p i c a l  wind p r o f i l e  
is  shown i n  Figure 4, Because the a c t u a l  w i n d  soundings end be fo re  
60,000 f e e t ,  t h e  wind speed was l i n e a r l y  e x t r a p o l a t e d  to  zero at  100,000 f t ,  
w i t h  t h e  d i r e c t i o n  remaining conotant ,  T h i s  a l l o w s  a more comprehensive 
a n a l  a i s  of t he  a u t o p i l o t  with and wi thou t  load r e l i e f  c a p a b i l i t i e s ,  4 1 i o n a l  s o p h i a t i c a t i o n  of t h e  guidance p l a t fo rm and computer s i m u l a t i o n  

can be r e a d i l y  implemented because of the  f l e x i b i l i t y  of the .8imulatioea 
9 

. magnetic t a p e ,  The t a p e ' s  d i g i t a l  ou tpu t  (wind rPpeed and d i r e c t i o n )  is 

0 
I,_ 
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The c o n t r o l  board p rov ides  semi-automatic c o n t r o l  of t he  e n t i r e  s y o t e a  
and sychron izes  the  conve r t e r  equipment, ana log  s imula t ion  and the  CDC 
160A d i g i t a l  computer. I n  a d d i t i o n  t h e  c o n t r o l  board i e  ueed t o  C a l i -  
b r a t e  t h e  CDC 160A0 

30 3 DIGITAL RECOHDING WUIPMWT 

U s e  of t h e  CDC 160A and r e l a t e d  analog d i g i t a l  convers ion  equipment extends 
t h e  c a p a b i l i t i e s  of the  analog e imula t ion  beyond t h e  s t a b i l i t y  and tra- 
j e c t o r y  areas. F i f t e e n  channels  of d a t a  were d i g i t a l l y  recorded on 
magnetic t ape  and then  used as  input  t o  a n  IBM 7094 d i g i t a l  program (MADCAP) 
which calculates t h e  i n f l i g h t  bending moments as a f u n c t i o n  of v e h i c l e  
s t a t i o n  and f l i g h t  t i m e .  A d e t a i l e d  d i s c u s s i o n  of t h i s  d i g i t a l  program 
w i l l  fo l low in Sect ion  40. I n  a d d i t i o n ,  t h e  t a p e  i s  p r i n t e d  t o  provide 
a d d i t i o n a l  d a t a  f o r  t r a j e c t o r y  a n a l y s i s ,  and a l s o  t o  check r e p e a t a b i l i t y  
and accuracy  . 
3.4 REPEATABILITY AND ACCURACY 

Because of the  complex n a t u r e  of t h e  system, methods of  a s s u r i n g  v a l i d  
s o l u t i o n s  were u t i l i z e d ,  A complete s e r i e s  of s t a t i c  and dynamic system 
check6 w a s  run  t o  asmre accuracy  o f  s o l u t i o n .  In t he  f i n a l  dynamic 
check, ana log  s imula t ion  o u t p u t s  are compared t o  t h e  same se t  of  equa t ion8  
solved on a d i g i t a l  computer. 

In order to  a s s u r e  r e p e a t a b i l i t y  dur ing  o p e r a t i o n ,  a check case ( i d e n t i c a l  
wfnd i n p u t )  was run as every  t e n t h  run. Crit ical  parameters were re- 
corded on large x-y p l o t t e r s  and inspec ted  for matching of ampli tude and 
f requency,  Thia  method allowed monitoring o f  t h e  system whi le  o p e r a t i n g o  
Fol lowing t h e  system o p e r a t i o n ,  t h e  CDC 160A d i g i t a l  t r a j e c t o r y  check 
cases were s t a t i s t i c a l l y  analyzed f o r  r e p e a t a b i l i t y .  The mean v a l u e  
and siaiidar:! 5evFat ion of v e l o c i t y ,  f l i g h t  pa th  a n g l e ,  and a l t i t u d e  were 
c a l c u l a t e d ,  These r e s u l t s  a long  with the perceii iage deviation are presen ted  
i n  F igu re  5 and i n d i c a t e  the  e x c e l l e n t  r e p e a t a b i l i t y  ( cons ide r ing  the  
complexi ty  of t h e  system) ue ing  t h e  AC-5 a u t o p i l o t  wi th  and wi thout  load 
r e l i e f ,  A h ighe r  degree  of r e p e a t a b i l i t y  is experienced wi thout  load 
r e l i e f  becatuee of the  removal of the  a d d i t i o n a l  feedback loops  i n  t h e  
p i t c h  and yaw p laneso  

". , . 
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GENERIZL DYNANICS/ASTItONAUTICS 

Parameter 

GDA-BTD64-058 
13 February 1964 

Mean Value Standard 
. k t  102 Second6 De v i  a t i  on 

0 

V e l o c i t y  

AC-5 ANALOG TRAJECTORY REPEATABILITY 

CHECK CASES 

304 1 19,86 

CONVENTIONAL AC-5 AUTOPILOT 

Parame t cr 

Flight Path Angle 

V c l o c i  t y  

A1 t i  tude 

Mean Value S t s n d  nrd 
A t  102 Seconds Devin  ti on 

40,13 1.347 

2877 13.16 

77 160 9800 4 

F l i g h t  Path Angle I 28.23 I . 488 

68,850 I 348.8 I A l t i t u d e  

Percentage 
Dev ia t ion  

1073 

0065 

oo51 

IDAD RELIEF AC-5 AUTOPILOT 

Percentage 
De v i  a t  i on 

3036 

1,27 

.-. I- - 
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Sec t ion  4 

LAUNCH A V A I L A B I L I l T  S'pum 

Determinat ion of bending momenta during v e h i c l e  f l i g h t  w i t h  and wi thout  
t h e  load r e l i e f  a u t o p i l o t  i e  neceeeary,  as s t r u c t u r a l  launch a v a i l a b i l i t y  
is b a e d  upon t h e  a l lowable  bending roaen t s .  b u n c h  a v a i l a b i l i t y  is de- 
f i n e d  as t h e  percentage r a t i o  of f l i g h t s  which do n o t  exceed t h e  allaw- 
a b l e  bending momenta a t  any s t a t i o n  and t i m e  t o  t h e  t o t a l  number Of 
f l i g h t s  sampltd,  I n  t h i s  8 tudy ,  t he  launch a v a i l a b i l i t y  w a 8  based on a 
6iunple of approximately 200 f l i g h t a  and for both the  s t anda rd  and load 
r educ t ion  a u t o p i l o t  u s ing  a c t u a l  wind aoundings and t h e  l a t e s t  a v a i l a b l e  
a l lowab le  l i m i t  bending momenta, 

4,l LIMIT ALLOWABLE BENDING M O W T S  

The l i m i t  a l lowable  bending moments used i n  t h i s  s tudy  are shown in Figure  
6 for t h e  four v e h i c l e  B ta t ione  i n v e s t i g a t e d  ( v i e  s t a t i o n  214., 415, S'PO and 
8U), These r e s u l t s  r e p r e s e n t  t h e  b e s t  a v a i l d b l e  C u r v e B  a t  t h e  t i m e  of 
w r i t i n g  of t h i s  r e p o r t .  
( i o e .  ca iafrfed  beadiq mmentlr) i r  given  as t h e  m a x i r u m  bending moment 
encountered at  each etat ion during a given t i r e  i n t e r v a l ,  The a l l o r a b l e  
bending sopento are t h e r e f o r e  presented  as functieom of t h e s e  time ia- 
tervala., L t d t  ollorables l o r  S t a t i o n 8  214 and 415 are baoed upon the 
p r e l i m i n a r y  AC-3 presaure 6chedule which keep6 t h e  low range LBz tank vent  
va lve  locked u n t i l  T I +70 aecondac The SN 219 i n t e r f a c e  w a s  aasured  
t o  be a two l a t c h  s e p a r a t i o n  system and the SN 408 i n t e r f a c e  w a s  assumed 
t o  be belted w i t h  R s b p d  charge type of e e p a r a t i o a  o y s t e r ,  The allow- 
a b l e e  f o r  these statiena take i n t o  account n o t  only failure at  t h  latab 
poin t6  but also eueh ph.noaena ae buckl ing of the p r e s s u r i s c d  tanks 
a d j a c e n t  to t h e  s t r u c t u r a l  rings, The i n v e o t i g a t i o n o  t o  determine t h e s e  
a l l o w a b l t a  showod t h a t ,  i n  t h e  v i c i n i t y  of SH219, tho l a t c h  system ie t h e  
c r i t i c a l  areao A de6ign change t o  a shaped charge s e p a r a t i o n  echeme 
would probablj r e r u i i  ia inzrsastd nllowables ,  

The ou tpu t  of t he  7094 d i g i t a l  program MADCAP 

S# 570 and 812 l i m i t  a l lowable  bending moment8 are based upon deoign l i m i t  
bending momenta convers ion  of +5 aigma imtandard d e v i a t i o n  axial load 
v a l u e s  t o  bending momentao 

4 0 2  I N F L I G R T  BENDING MOMENTS 

The c a l c u l a t e d  bending moment inc lude6  t h e  bending moment due t o  axial  
l o a y n g ,  p a t 6  and rind responoeo 
beam c o l u m ,  the  a x i a l  load due t o  veh ic l e  a c c e l e r a t i o n  docreatsee t h e  
bending c a p a b i l i t y  and is accounted for by conve r t ing  i t  t o  an equ iva len t  
bending moment. The v e h i c l e  a c c e l e r a t i o n  i n c r e a s e 8  throughout boos t e r  
phase ae p r o p e l l a n t s  are dep le t ed ,  and t h e r e f o r e  t h e  equ iva len t  bending 

Since  the  e t r u c t u r o  i 8  designed am a 

moment i n c r e a s e r o  
0 
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To defermine bending moment due t o  gus t e ,  a g u s t  was aeeumed t o  envelope 
the  e n t i r e  length  of t h e  missile in s t an taneous ly  and t o  a c t  i n  both t h e  
p i t c h  and yaw p lan tape rpend icu la r  t o  the  v e h i c l e  Cui60 The g u s t  l o a d i n 8  
take8 i n t o  account  r i g i d  body and a e r o e l a s t i c  reeponee, Data f o r  several 
t ime s l ice  ana lysee  is i n p u t  t o  a d i g i t a l  program, t o  calculate bending 
moments wi th  a (1-coe k t )  shape gust .  By vary ing  k t he  m a x i m u m  missile 
bending moment ae a f u n c t i o n  of time for each s t a t i o n  was determined, 

The magnitude8 of t h e  bending moments due t o  wind a r e  f u n c t i o n s  of the  time 
h i s t o r y  of t h e  v e h i c l e  wind combination. I t  i s  t h e r e f o r e  p o s s i b l e  t o  
p r e d i c t  t hose  f l i g h t  loado on t h e  b a s i s  of a s ta t i s t ica l  wind a n a l y s i s ,  
Real wind v e l o c i t y  and d i r e c t i o n  p r o f i l e s  should be used because: 

1, The v e l o c i t y  and s h e a r  r a t e s  of a s y n t h e t i c  a e r i e s  of f l i g h t  
wind p r o f i l e s  produce erroxwous bending moments, 

2 ,  I n e r t i a  r e a c t i o n 8  vary widely between real winds and s y n t h e t i c  
windeo 

3, The l o f t i n g  ef a load reduct ion  a u t o p i l o t  can only be analyzed 
by us ing  t h e  long wave l eng th  rind prefiIc6, 

0 Data froa Cape Kennedy is p r e f e r r e d  providing:  

1, 
0 ,  I t  is observed on a r e g u l a r  t i m e  i n t e r v a l  for s t a t i e t i c r l  

I .f@ficant., 
3, 

4* The measured d a t a  p o i n t s  average loo0 f e e t  o r  leseo 

I t  i e  c o n s i s t e n t l y  recordod by personnel w i t h  s t anda rd  t r a i n i n g .  

The d a t a  is a v a i l a b l e  over a lene t i r e  i n t t r v e l  preZerably a t  . .  
leaet for S ycare.  

The data from Montgomery, Alabama (Avidyne Corporat ion Tape 111) meets 
t h e  4 preoceding requirezenfs but maa taken about  350 m i l e s  NW of Cape 
Kennedy, Couidoring t h e  f l a t  t e r r a i n  between the  two 10C!~tlOn8, the 
l a t i t u d e s  of Cape Kennedy and Montgomery, and the p r e v a i l i n g  weoter ly  rind. 
d u r i n g  t h e  w i n t e r  months, i t  is  f e l t  t h a t ,  u n t i l  d a t a  from Cape Kennedy 
meets t h e  f o u r  requi rements  mentioned above, t h e  Montgomery d a t a  must be 
uned for d e s i g n  purposeeo The rizc! velnclty and d i r e c t i o n  are teeorded  
am a $unction of a l t i t u d e  w i t h  t he  i n d i v i d u a l  r i n d  sounding8 arranged i n  
ch rono log ica l  o r d e r  every  t h i r d  day f o r  t h e  months of December through 
February over  a six y e a r  per iod,  

The v e h i c l e  response is measured in t e r n s  of l a t e r a l  and r a t a t i o n a l  
a c c e l e r a t i o n s  and c o n t r i b u t e s  t o  the  encountered bendin8 moment.. I n  
addition, t h e  l i q u i d  p r o p e l l a n t  s loehing  and aerodynamics c r e a t e  bending 
n o r e n t s  which aua t  be accounted f o r .  The hybr id  system s u p p l i e e  t h i s  i n p u t  
d a t a  t o  MADCAP f o r  bending moment c a l c u l a t i o n 8  i n  both  the  p i t c h  and yaw 
planca. In a d d i t i o n  t o  the  a n a l o d d i g i t a l  eyotem magnetic tape, MADCAP 0 
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i n p u t  d a t a  i n  ca rd  form are necesaary and inc lude  aerodynamic bending 
moment c o e f f i c i e n t s  a6 a func t ion  of Mach number and ang le  of a t t a c k ,  
p r o p e l l a n t  sloshing bending moment c o e f f i c i e n t e  a e  a f u n c t i o n  of l i q u i d  
l e v e l  i n  t h e  tank., e t r u c t u r a l  bending moment c o e f f i c i e n t e ,  and bending 
moment experienced due t o  g u s t s ,  
v e h i c l e  s t a t i o n  analyzed w a s  taken a0 the  root-sum-#quarc of t h e  p i t c h  and 

The r e s u l t a n t  bending moment a t  each 

.__ gar bending moments, 

403 CONPARISON OF STANOARD AND WAD RELIEF AUIDPILX)T RESULTS 

The o v e r a l l  e f f e c t i v a n e s e  of t h e  load r e l i e f  a u t o p i l o t  in reducing  load8 
can e a s i l y  be i l l u o t r a t e d  by hiato@rams,  F igure  7 ,  of t h e  mcucimum bending ,  
moment encountered du r ing  f l i g h t  ( a t  each s t a t i o n )  w i th  tb standard 
a u t e p i l o t  and the load r e l i e f  a u t o p i l o t ,  S i x  f€ ightm f o r t h e  s t anda rd  
a u t o p i l o t  were diecarded  aa i n v a l i d  mn6 d u r i n g  t h e  d a t a  pos t  p rocess ing ,  
A l a r g e  lowering of  t h e  mean value  of bending moment and a r educ t ion  of 
skewneoe t o  the  r i g h t  i e  i n d i c a t e d  when ue ing  t h e  load r e l i e f  a u t o p i l o t .  
In most case8 
ie about  t h e  8tUle a6 t h e  mean value encountered with the  atandard a u t o p i l o t .  
The maximum bending moment encountered wi th  the load r e l i e f  a u t o p i l o t  
t h e r e f o r e  ie 8 i g n i f i c o n t l y  l e s a  than t h e  maximum encountered wi th  t h e  

the  upper l i m i t  encountered wi th  the  load r e l i e f  a u t a p i l o t  
- -- 

8tarrd-d a u t o p i l o t , ,  

The b u n c h  a v a i l a b i l i t y  rae c a l c u l a t e d  by ae8Umin~ t h a t  any f l i n h a  that 0 
u o n t r l n 8  a c a l c u l a t e d  bending moment f a t -  any e ta t iom 8nd t i m e )  ;hie8 
exceeded the l i m i t  a l lowable  bending moment i n  not a succese fu l  f l i g h t ,  
Pigurea 8 and 9 ahor t h e  launch  a v e i l a b i l i t y  c a l c u l a t i o n 6  for t h e  load 
re l ie f  and the rtnadard a u t o p i l a t r  r e r p e e t i v e l y ,  
a b i l i t y  ue ing  winter wind6 for the load r t l i e f  autopilot i 8  63%; fer the 
etandard a u t o p i l o t  is 8.??%, 

- -- The overall launch avail- 

The c r i t i ca l  e t a t i o n e  are c l e a r l y  shown on Figure  10 which in a d d i t i o n  
ehore launch a v a i l a b i l i t y  " sens i  t i v i  tg" t o  i n c r e a e e  and dec rease  of liri t 
a l lowab le  bending mment6, ine A V ~ U  ' - - A  r = r r e f  --' ---vr--- -*+fin+ 1 - t  h u n c h  a v a i l a b i l i t y  
rangee from IB.,S% at ON of l i m i t  a l lowable  bending moment t o  7N a t  llO!I6, 
Th i s  memo t h a t  t h e  d e s i r a b l e  o v e r a l l  launch p r o b a b i l i t y  of 60% could be 
m e t  w i t h  an i n c r e a s e  of e t r u c t u r a l  i n t e g r i t y  t o  approximately llw of 
neminal a t  Si4 812 combined wi th  the LRAP. The atandard a u t o p i l o t  has a 
launch a v a i l a b i l i t y  of 0,u ai; of lieit &iflouabk b$%$in,r -rent and 
i n c r e a a a o  t o  only  1 4 . 6  a t  l l@L The c r i t i ca l  s t a t i o n  for e i t h e r  a u t o p i l o t  
io S$ 812 and has approximately the same launch a v a i l a b i l i t y  as t h e  O v e r 8 1 1  
v e h i c l e  , 

. 

Figure 11 give6  his tograme o f f a i l u r e  t i m e 8  for bo th  t h e  e tandard  and load  
re l ief  a u t o p i l o t ,  These p l o t o  i n d i c a t e  t h e  f i r s t  time of f a i l u r e  a t  each 
s t a t i o n ,  
any s t a t i o n  f o r  each f l i g h t ,  

The p l o t  t i t l e d  o v e r a l l  v e h i c l e  i n d i c a t e s  iirmt t i m e  of f a i l u r e  for 

, .. -*, :. P 
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The s tandard  a u t e p i l o t  o v e r a l l  veh ic l e  p l o t  on Figure  11 i n d i c a t e s  t h a t  t h e  
two a r i t i c a l  time are the maximum dynamic p r e s s u r e  reg ion  ( a s  expec ted)  
and a l r o  t h e  40 t o  47 second f l i g h t  t i m e  segmento 
( t h e  cr i t ical  r r ta t ion)  we see t h a t  the cr i t ical  time i s  t h e  maxim 
dynamic p r t sou ra  region.  S t a t i o n  214 however is shorn t o  be w e a k  during 
t h e  40 t o  47 second f l i g h t  time r e g i a e o  

Looking a t  s t a t i o n  812 

I -  
The e f f e c t i v e n e a s  of  t he  load r e l i e f  a u t o p i l o t  system is demonetrated by 
t h e  r educ t ion  of f a i l u r e s  during the  maximum dynaa ic  p reesu re  region6 
The time segmeQt from 40 t o  47 eecondo f o r  s t a t i o n s  214 and 812 doe8 net 
show t h i o  s u b 8 t a n t i a l  dccreasa  i n  f a i l u r e s  and is t h e r e f o r e  the  c r i t i c a l  
t i m e  f o r  t h e  laad r e l i a f  n l t h p i l o t o  I n  a d d i t i o n ,  s t a t i o n  214 is critical 
w i t h  t h e  s tandard  a u t o p i l o t  f o r  this same tire mztgmeato 

A review of t h e  mission eequence i n d i c a t e 6  that a s t e p  i n  t h e  p i t &  
program and t h e  a c t i v a t i o n  of t he  load r e l i e f  a u t o p i l o t  occur  simul- 
taneous ly  a t  40 seconds,  These everits  r e s u l t  i n  v e h i c l e  maneuvers t h a t  
can i n c r e a s e  angle  of  a t t a c k  and hence can i n c r e a s e  bending momentso 
For example, i f  t h e  v e h i c l e  ha6 negat ive  angle  of a t t a c k  at 40 seeondo, 

p i t c h  pmgraa c t e p  copDmando 

r 

I- 

t h e  load relief a u t o p i l o t  command in the  form of a atep adds to the . .- 
~ 

0 S t a t i o n  812, n o t  c r i t i c a l  a t  t h i s  e a r l y  time for t h e  atamlard a u t o p i l o t +  
e x h i b i t o  a m a j o r i t y  of its f a i l u r e s  f o r  LRAP between 40 and 47 8egands. 
This i n d i c a t e s  t h a t  i n  a d d i t i o n  t o  i n c r e a s e s  in &struc tura l  e t r e n g t h  f o r  
i nc reased  launch a v a i l a b i l i t y ,  a poes ib le  b e n e f i t  would be t h e  a c t i v a t i o n  
of the load r e l i e f  a u t o p i l o t  preoaure eenaor loop a t  a s l i g h t l y  ear l ier  
t i m e  i n  f l i g h t o  
reduce t h e  v e h i c l e  t r a n s i e n t s  as they a r o  a func t ion  of dynamic p r c s ~ u ~ e  
times ang le  of a t t a c k ,  

A n  earlier i n i t i a t i o n  of t h e  load r e l i e f  loop would 

4,4 COMPARISON OF THE ANALQG/DIGITAL METHOD (MADCAP) To TXE ALL DIGITAL 
METHOD i H W j  

I _... .  .. , . .  

The a n a l e d d i g i t a l  method of  computation of bending moment8 and relnrlting 
h u n c h  a v a i l a b i l i t i e s  preduces no t i ceab ly  d i f f e r e n t  va lues  when compared 
t o  t h e  a l l  d i g i t a l  method, The a l l  d i g i t a l  method launch a v a i l a b i J i t i e 8  
for the w i n t e r  months were 45% 
load r e l i e f  a u t o p i l o t  as  shown in Reference 1, Theee r e s u l t s  are h ighe r  
i n  each  case  than those  shown he re in  and t he  reaeonu f o r  t h i o  d i f f e r e n c e  
are e a s i l y  ehown in t h e  fo l lowing  d i scuss ion ,  

The major d i f f e r e n c e  is the  p i t c h  program, both i n  philo6op&y and in 
method of a p p l i c a t i o n ,  
s t u d y )  w a s  an unbiased p i t c h  progrem bered on t he  Atlas/Centaur F-1 p i t c h  
program, 
load  i n  a a e r o  wind which would not o x c e d  1000 pounds up t o  95 seconds 
of f l i g h t ,  Thie mean@ the  program w a s  optimized t o  give an i n c r e a s e  i n  

the  ~ * , u d a r d  a u t o p i l o t  and 80% for  t h e  

The p i t c h  program used i n  Reference 1 (all d i g i t a l  

Thie  p i t c h  program t h e r e f o r e  provided a nominal aerodynamic 
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t h e  launch a v a i l a b i l i t y  a t  t h e  c o s t  of performanceo I n  a d d i t i o n ,  t h i e  
p i t c h  program w a s  used as a continuoue f u n c t i o n  as shown in Figure 12, 
The p i t c h  program used i n  the  a n a l o g / d t g i t a l  s tudy  can a l s o  be soen and i a  
in t h e  normal form ae ueed i n  t h e  a c t u a l  f l i g h t  a r t i c l e ,  T h i s  AC-5 p i t c h  
program r e p r e s e n t s  t h e  b e e t  a v a i l a b l e  d a t a  a t  t h e  time o? t h e  s t u d y  and 
is p r i m a r i l y  a h e a t  l i m i t e d  performance t r a j e c t o r y  wi th  a porsi t ive anglo 
of a t t a c k  b i a e  r e s u l t i n g  i n  l a r g e  v e h i c l e  bending mornente f o r  a no wind 
f l i g h t ,  The d i f f e r e n c e  between theae  two t r a j e c t o r i e s  can be s e e n  by 
i n t e g r a t i n g  t h e  two curveel.  The r e s u l t  is t h a t  tho  AC-5 performance p i t c h  
program p i t c h e s  t h e  missile over  f u r t h e r  d u r i n g  t h e  e a r l y  phaeee of 
boos t e r  f l i g h t  r e s u l t i n g  i n  a lower, f a s t e r ,  (and h i g h e r  performance) 
t r a j e c t o r y ,  This t r a j e c t o r y ,  wh i l e  p rov id ing  t h e  necessary performance, 
a l l O W 8  t h e  dynamic p resau re  t o  bu i ld  up more r a p i d l y  and r each  a h i g h e r  
maximum v a l u e  r e s u l t i n g  i n  l a r g e r  bending moments. 

A second d i f f e r e n c e  i e  t h e  number of samples runo The a l l  d i g i t a l  s t u d y  
used 100 winds f o r  t h e  atandard a u t o p i l o t  launch a v a i l a b i l i t y  and 60 
& I S  f o r  t h e  load r e l i e f  a u t o p i l o t  launch a v a i l a b i l i t y .  Theee n u w e  
were deterPrined by R o ta t i a t i ca l  a n a l y e i s  of At las  ranked winds. 
cost  of digital  coplputation precluded t h e  use  of t h e  t o t a l  sample of 24X3 
Avldyne w&Qter winds. 
windo f o r  the study due  t o  the l a r g e  saving of d i g i t a l  computer t i m e  
through use of t h e  muft idegree analog s i m u l a t i o n  t o  provide t h e  neeesaary 
t r a j e c t o r y  and v e h i c l e  parametera,  

% *  - 

The high 

The a n a l o d d i g i t a l  method however ueed a l l  200 0 

An a d d i t i o n a l  minor d i f f e r e n e o  ir t h e  mathematical  model used for each 
method. 
Of bending moments are d i s c r e t e l y  c a l c u l a t e d  in t h e  d i g i t a l  method 
and do n o t  i n c l u d e  e f f e c t s  of such i t e m s  as c e n t e r  of g r a v i t y  o f f s e t  and 
p r o p e l l a n t  s l o s h i n g ,  The analog method provides a cont inuoue c a l c u l a t i o n  
of t h e  dynamic q u a n t i t i e s  and t h e r e f o r e  a l lowe proper handl ing of non- 
l i n e a r  e f f e c t s  caused by iiy&risiilic acttlntnra for engine p o s i t i o n i n g  and 
l i q u i d  p r e p e l l e n t  ant i - s losh  b a f f l e s ,  Even more important  is t h e  proper  

i n  b o t h  p i t c h  and yaw, 
a l l o w s  the v e h i c l e  t o  o s c i l l a t e  with its proper  a n g u l a r  a c c e l e r a t i o n  which 
d i r e c t l y  i n f l u e n c e s  c a l c u l a t e d  bcndiiig sic;=znts, 

The v e h i c l e  dynamic q u a n t i t i e s  neceoaary for t h e  determina&&oa . .  

coup l ing  of t h e  p r o p e l l a n t  e loehing modes wi th  t h e  r i g i d  body c o n t r a €  rode6 < .  

This  coupl ing ,  found only  i n  the ana log  method, 
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Sect ion  5 

TRAJECTORY ANALYSIS 

Tho AC-5 t r a j e c t o r y  used in t h i s  s tudy is a d i r e c t  a s c e n t  l u n a r  mission wi th  
t h e  b a s i c  philooophy of i n j e c t i n g  t h e  v e h i c l e  i n t o  a t r ans - luna r  e l l i p o e  
wi th  a given energy, such t h a t  t he  poei t ion  and v e l o c i t y  a t  i n j e c t i o n  
r e e u l t  i n  ach iev ing  t h e  dee i r ed  t a r g e t  v e c t o r ,  
a n a l y o i s  i e  coDaerned w i t h  t h e  t r a j e c t o r y  d u r i n g  boos te r  phase, 

. The launch a v a i l a b i l i t y  

Booster  phase of t he  t r a j e c t o r y  conrriats of an unguided boost  for approxi- 
mately 110 8econds u d n g  p redb te r r ined  p i t c h  ra tedo 
guidance i n p u t  is switched i n t o  t h e  a u t o p i l o t  e r r o r  channel r e P l a c i n l  
t h e  p o s i t i o n  gyro o igna l ,  
t r a j e c t o r y  te be m i n i r i t e d ,  
which t h e  missile can make dur ing  t h e  powered f l i g h t ,  t h e  guidance and 
c o n t r o l  would be r e l a t i v e l y  simple and t he  major problem would be that 
of p r e c i e i o n  i n  guidance. However, the s t r u c t u r a l  l i m i t a t i o n s  due t o  
l oad ing  and hea t ing ,  and f l i g h t  performance requirement6 rill combine t o  

, y o s t r i c t  t he  t r a j e c t o r y  such t h a t  only l imi t ed  c o r r e c t i o n  maneuver6 may 
* be eaployed, 

A t  110 second6 the  

Thia a l lows any d i s p e r e i o n e  from the nominal 
I f  t h e r e  were no r e s t r i c t i o n s  on t h e  maneuvers 

The performaace philosophy u t i l i s e d  during booster phase is based upon 
prov id ing  a lofted t r a j e c t o r y  w h i l e  meeting v e h i c l e  dyncunic and a t r o h e a t i n g  
~ o n a t r a f n t o ~  'FBS method used f o r  the t r a j e c t o r y  s tud ied  wae t o  approximate 
a zero l i f t  f l i ~ h t  p a t h  ( e l i g h t  p o s i t i v e  angle  of attack) u n t i l  100 
Beconds a t  which t i m e  a l a r g e  p o s i t i v e  an&le  of a t t a c k  is commanded, This 
angle of attaek  cause^ v e h i c l e  l i f t  but  is unacceptable  at boos te r  s t a g i n g ,  
Therefore at baoo te r  engine cut-off  riaua 10 aeceads  t h e  guidance comQTLd~ 
a aero ang le  of a t t a c k  which minimizeis aerodynamic d io tu rbances  t o  the 
Contro l  system during s t a g i n g ,  h t a i l 8  of guidance and t r a j e c t o r y  philosophy 
are l o c a t e d  in Reference 1, 

The p i t c h  program used i n  t h i s  s tudy  for the  nominal no wind t r a j e c t o r y  
d u r i n g  booster phase was shorn i n  Figiirc l2, 
per fo ru rnce  t r a j e c t o r y  which doeo not s a t i s f y  dynamic c o n s t r a i n t s ,  The 
p i t c h  program mat t h e r e f o r e  be changed but  w i l l  be based on t h e  dame 
philoeophy,  Ao i t  now s t a n d s ,  t h e  p i t c h  program Joe8  provide a nominal 
t r a j e c t o r y  t o  use f o r  a u t e p i l o t  performance comparison, 

D i spe r s ions  from t he  nominal t r a j e c t o r y  can be seen  i n  F igu res  13, 14 and 
15, These histograms show v e l o c i t y ,  a l t i t u d e  and f l i g h t  pa th  angle  wi th  
and wi thou t  t he  load r e l i e f  loop, 
shows a much wider d i a p e r s i o n  from t h e  mean due t o  t h e  lead  r e l i e f  loop, 
T h i s  is t o  be expected ao the  load r e l i e f  a u t o p i l o t  tends t o  fol low a new 
zero l i f t  t r a j e c t o r y  dependent upon t h e  p a r t i c u l a r  wind., A l s o ,  the load 
r e l i e f  a u t o p i l o t  d i s t r i b u t i o n  hae a mean t o  t h e  r i g h t  or towards h igher  
a l t i t u d e  when compared t o  the convent ional  a u t o p i l o t ,  Th i s  i e  due t o  t h e  
predominance of t a i l  winds i n  t h e  set of Avidyne winter wind@ and a loo  t h e  
l o f t e d  load relief a u t o p i l o t  t r a j e c t o r y  due t o  t h e  e l i g h t  p o s i t i v e  ang le  

This prnviderP a pre l iminary  

I 

A coapar iean  of  t h e  a l t i t u d e  h is tograms 

- 0  
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of a t t a c k  of t he  nominal no r i n d  t r a j e c t o v  (as provided by t h e  p i t c h  
program) , 

. Similar inc reased  d i s p e r s i o n s  wi th  the  load r e l i e f  a u t o p i l o t  e x i 6 t  for 
v e l o c i t y  and f l i g h t  path angle ,  
is alro g r e a t e r  w i t h  t h e  load r e l i e f  a u t o p i l o t  but the v e l o c i t y  ie rrduc8d 
becaueb of t h i s  h igher  t r a j e c t o r y o  

The mean value of t h e  f l i g h t  pa th  angle 

These d iepe r s iona  would be reduced o t a r t i n g  a t  110 seconde when guidance 
commands would r e v i e e  the  nominal trajectory t o  meet the miss ion  r equ i r e -  

value b u t  s t r u c t u r a l  and aero hea t ing  l i m i t a t i o n s  would have t o  be obeemedo ' 

A p i t c h  program for use wi th  the load r e l i e f  a u t o p i l o t  could be ueed t o  
rshif t  t he  mean va lues  of t he  t r a j e c t o r y  parameters  closer t o  thoee  of the 
nominal convent iona l  a u t o p i l o t  t r a j e c t o r y ,  U s e  ef a p i t c h  prograr t a i l o r e d  
t o  t h e  load  relief a u t o p i l o t  and guidance beginning a t  110 second. w i l l  
allow r e d u c t i o n  of d i s p e r e i o n e  and r e s u l t  i n  more e f f i c i e n t  veh ic l e  f ror  
t h e  performance viewpoint ,  

I rentso Guidance oquipaent  could handle the  d i s p e r e i o n e  around the mean 

' . .  
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Sec t ion  6 

CONCLUSIONS : 

r . 
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The load r e l i e f  a u t o p i l o t  provide8 adequate  s t a b i  l l t y  and c o n t r o l  
throughout t h e  launch v e h i c l e  phaee of t h e  Atlae/Centaur AC-5 powered 
f l i g h t  (see Reference 1) 

The a n a l o g / d i g i t a l  rsyster providea the  neceseary  r e p e a t a b i l i t y  and 
accuracy a t  less c o s t  than  t h e  equ iva len t  a tudy w i n g  a l l  d i g i t a l  
t echniques ,  

The load r e l i e f  a u t o p i l o t  p rovides  a l a r g e  r e d u c t i o n  of t h e  maximum 
encountered bending moment a t  all s t a t ion .  when compared t o  t he  
s t anda rd  a u t o p i l o t .  

The launch a v a i l a b i l i t y  based on a aample of 200 Avidyne w i n t e r  +inda 
f o r  t h e  load relief a u t o p i l o t  i s  63%, and based on a sample of 194 
w i n t e r  winds for t h e  s tandard  a u t o p i l o t  i a  8.77%0 

A lw i n c r e a m  in a l lowab le  bending moment a t  e t a t i o n  812, t h e  cr i t ica l  
s t a t i e n ,  would raise the launch  a v a i l a b i l i t y  t o  7Q)( for t h e  1 
a u t o p i l o t  and 14396for t h e  otandard a u t o p i l o t ,  

The cr i t ical  tiaes f o r  t h e  atandard a u t o p i l o t  are the 44 t o  
region and the maxinun dynamic p res su re  region.  The load re l ief  au to-  
p i ro t  is mat effective d u r i n g  the  maximum dynamic preoeure regian and 

- _  

hence enfy the 40 t o  4? second region remain8 critical,  * .  

The d i f f e r e n c e s  i n  t h e  r e s u l t s  of t h i s  s tudy  and t h e  one conta ined  ia 
Reference 1 can be mainly a t t r i b u t e d  te t h e  d i f f e r e n c e  i n  both the 
p h i l o s o p h ~  and method of a p p l i c a t i o n  of t h e  p i t c h  programs usedo  A i m +  
effeciiiiq ths ren l r l ts  were t h e  d i f f e r e n c e s  i n  t h e  wind sample s i zeo  
and the d i f f e r e n t  v e h i c l e  mathematical  modelcii used, 

The t r a j e c t o r y  d i r p e r a i o n s  a s s o c i a t e d  wi th  t h e  load relief a u t o p f l o t  
are mUGh greater than  those a s s o c i a t e d  wi th  t h e  s t anda rd  a u t o p i l o t  and 
r e s u l t  i n  a loss of performance, 

f i r t h o r  s t u d i e s  i n  t h e  aroa should i n c l u d e  de te rmina t ion  of an opfLwiaed 
sequence of e v e n t s  ( p i t c h  program, load re l ie f  loop a c t i v a t i o n ,  guidance 
a c t i v a t i o n )  and aleo launch a v a i l a b i l i t y ,  ae rohea t ing ,  and performance 
t r a d e  o f f  studies between t h e  load r e l i e f  a u t o p i l o t  and pure i n c r e a s e s  
in s t r u c t u r a l  i n t e g r i t y o  
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